Abstract. Quasicrystals made with Ti, Zr and Ni are good candidate materials studying the magnetic properties of aperiodic structure because the role of Ni in stabilization of the quasicrystal phase is important. Various magnetic states in quasicrystals have been reported including diamagnetism, paramagnetism, spin glass, ferromagnetism and ferrimagnetism. We prepared Ti--Zr--Ni quasicrystals by rapid quenching method. The magnetization (M) of Ti 50 Zr 33 Ni 17 quasicrystal was measured as a function of applied magnetic field (H) and a temperature by using a vibrating sample magnetometer (VSM). When the magnetic fields of higher than 2000 G were applied, the magnetization values were decreased as increasing temperature. The field-cooling (FC) and zero-field-cooling (ZFC) magnetization of the samples were also measured and showed no significant difference in magnetization behavior. Our combined results demonstrated that the rapidly quenched Ti--Zr--Ni quasicrystals exhibit paramagnetic properties with no hint of a measurable magnetic hysteresis. It is shown that Ti 50 Zr 33 Ni 17 quasicrystals demonstrate paramagnetic characteristic to the maximum applied magnetic field of 10 000 Oe. Interestingly, magnetization fluctuation was noticed in the regions of high magnetic field and at low temperature (25-300 K).
Introduction
Although most of quasicrystals are found in Al-based alloys, the structural and physical characteristics of Ti-based quasicrystals are still interesting in terms of the structural stability [1, 2] and potential applications in hydrogen storage materials [3, 4] . Among Ti-based quasicrystals, Ti--Zr--Ni alloys are known to be the best ordered of forming quasicrystal without silicon (comparing with other two exceptions, Ti--Zr--Co and Ti--Zr--Fe) [5, 6] . Although the structural and mechanical properties of quasicrystals have lively researched [7, 8] , not many studies on the magnetic properties have yet reported. To the best of our knowledge, two representative studies on the magnetic properties of quasicrystals are reported. The first are the rare-earth (RE) element containing RE--Mg--Zn and RE--Mg--Cd family, where the magnetic moments of felectrons of the rare earth atoms are sizable and well localized [9] [10] [11] [12] . The second are the quasicrystals of AlPdMn and AlCuFe family, where the d-electrons of transition metal elements represent the reoriented magnetic dipoles [13] [14] [15] , and other Al-based quasicrystals [16, 17] . For the Ti-based quasicrystals, only a few results are reported on the magnetic properties including magnetic susceptibilities of Ti--Cr--Si--O alloys [18] , a superconductivity property of quasicrystals dominant Ti--Zr--Ni alloys [19] , and combined with the role of hydrogen in magnetism [20] .
Therefore, we investigated magnetic properties of the rapidly quenched Ti--Zr--Ni alloys by using a vibrating sample magnetometer (VSM) to enhance the understanding of the magnetic properties of Ti--Zr--Ni quasicrystals. The magnetic properties were studied by measuring the magnetization (M) as a function of temperature (T) and magnetic field (H).
Experimental procedure
Pieces of Ti, Zr, Ni with purities of higher than 99.9% were arc-melted in an argon atmosphere on a Cu hearth which is cooled by water. To minimize the oxygen contamination, the sample chamber was evacuated to the 10 À5 torr and was back filled using a high purity argon gas for several times. For the homogeneity of the samples, the ingots were melted at least three times and were flipped at each melting-cooling cycle. After the elements were homogeneously mixed, the melted alloys were subsequently quenched on a high speed rotating stainless wheel which rotates 1000-5000 rpm and produce a thin metallic ribbons. The metallic ribbons obtained by this method have about a few micrometers thick, 2 $ 5 cm length and 2 mm width. This technique can achieve a cooling rate from 10 5 to 10 6 C/s, which is fast enough to solidify the liquids and form a non-equilibrium phase.
The studies of microstructure and the phases appeared during the investigations were analyzed by using X-ray diffraction (XRD) and transmission electron microscope (TEM). X-ray diffraction patterns were obtained by using a CuK a radiation.
The magnetization measurements were carried out by using a vibrating sample magnetometer (model 7307 VSM system, Lakeshore) with a 7-inch electromagnet powered by a magnetic power supply. The possible measurement condition of 7307 VSM system was up to maximum magnetic field of 1 Tesla (T) at a 2-inch air gap and down to minimum temperature of 15 K. The magnetizations of the samples at room temperature and at low temperatures (25 and 100 K) were measured, in air and in a closed cycle refrigerator (CCR) at helium atmosphere, respectively.
Results and discussion
In general, the quasicrystal phase was found in Ti--Zr--Ni alloys made with a wide range of compositions (33 < Ti < 55, 28 < Zr < 50) when the Ni concentration was fixed to 17 at %. The reasons for fixing the Ni concentration are that Ti and Zr are chemically interchangeable in terms of similar atomic size (2.00 and 2.16 A for Ti and Zr, respectively), electronic structure (3d 2 -4s 2 and 4d 2 -5s 2 for Ti, and Zr, respectively), and identical structural symmetry (hcp). Figure 1 shows XRD patterns measured from the rapidly quenched alloys for Ti 33þx Zr 50Àx Ni 17 , with x ¼ 0, 5, 12, 17, 22, as change the Ti/Zr ratios. It is noted that the almost phase pure quasicrystal ribbons were obtained from the relatively slowly quenched ribbons (rpm ¼ 1000). Each of representative X-ray diffraction pattern shows well indexed icosahedral peaks, followed by the Bancel scheme [21] .
The coherence length of the quasicrystal-phase grain is calculated by measuring the full width at half maximum (FWHM) value of the (110 000) peak, and was estimated in the range of 140 A $ 200 A, which is shorter than the ones measured by Azhazha et al. [22] and Zhang et al. [23] . The quasi-lattice constants are decreased (from 5.28 to 5.16 A) as increasing the Ti concentration (from 33 to 55 at%), suggesting that Ti occupies the sites for Zr and reduces the cell sizes due to the smaller atomic size. Based on the results of Fig. 1 and many other experimental evidences, we tentatively concluded that the best quality of quasicrystal phase can be obtained from the samples made at Ti 50 Zr 33 Ni 17 with the quenching rates of 1000 rpm.
The magnetization values were measured by cooling the Ti 50 Zr 33 Ni 17 quasicrystal ribbons down to 15 K in zero field, then increased temperature to 300 K with a rate of 1 K/min under constant magnetic field at 500 G. The same sequence was repeated for the different magnetic fields for 1000, 2000, and 3000 G and the results are shown in Fig. 2 . Interestingly, no visible magnetization behavior was observed for the low applied fields for 500 and 1000 G. For magnetic fields of higher than 2000 G, however, a small variation in magnetization was noted. For 3000 G, for example, the magnetization values were decreased from 0.042 to 0.028 emu/g as increasing the temperature from 15 to 300 K. Due to the low signal-to-noise (S/N) ratio of the VSM, the data were smoothly fitted by using a commercial data analysis software, OriginLab, and the results are shown as solid lines. This suggests that quasicrystals require relatively higher external magnetic field than conductive metals mainly due to the imperfection of atomic orderings.
In order to explain the magnetic behaviors of the quasicrystals made with Ti--Zr--Ni, magnetization measurements were performed under the zero-field-cooling (ZFC) and field-cooling (FC) conditions. In the magnetization measurements, the sample was cooled down to 15 K, then the magnetic fields of 3000 G were applied and the temperature was raised to 300 K (zero-field-cooling). Next, the temperature was lowered to 15 K without changing the applied field, and increased temperature to 300 K under the same external field (field-cooling). To understand the magnetic state of Ti--Zr--Ni quasicrystals, magnetization was also measured as a function of an applied magnetic field (H). Figure 4 shows a magnetization (M) of the Ti 50 Zr 33 Ni 17 quasicrystals as a function of an applied magnetic field (H) at room temperature and at 25 K. At 300 K (as shown in Fig. 4(a) ), the magnetization value of the quasicrystal reaches saturation (0.021 emu/g) at a high magnetic field around 7500 G. No measurable hysteresis was obtained. Interestingly, the magnetization pattern is proportional to the applied magnetic field, suggesting that the sample is paramagnetic. For low levels of magnetization, the magnetization of paramagnets is represented by Curie's law:
where, M is the magnetization, B is the magnetic flux density of the applied field in tesla, T is absolute temperature and C is a material-specific Curie constant. From this, the Curie constant of the Ti 50 Zr 33 Ni 17 quasicrystal was estimated to be 15 emuK/gTesla at room temperature. Interestingly, no measurable magnetic hysteresis was noticed at low temperature (see Fig. 4(b) ). Instead, magnetization data showed a linear gradient as the magnetic field increased up to 9000 G (or À9000 G). Magnetic susceptibilities represented by the relation of M ¼ cH, where c is the magnetic susceptibility, have positive values for 25 K. One needs note that there is a magnetization fluctuation in the regions of relatively high applied magnetic field from À9000 to À5000 G and from 3000 to 9000 G at 25 K. In general, it is accepted that the magnetization of Ti 50 Zr 33 Ni 17 quasicrystal is more stable at relatively high temperature and low applied magnetic field. This suggests that the magnetization stability of Ti 50 Zr 33 Ni 17 quasicrystal is strongly influenced by temperature and by the intensity of applied magnetic field.
Conclusion
We have prepared Ti 33þx Zr 50Àx Ni 17 quasicrystals, with x ¼ 0, 5, 12, 17, 22, by rapid quenching method. The phase was identified by using XRD and TEM, and was confirmed to be a single phase. The magnetic properties of quasicrystals were measured as a function of magnetic field and temperature by using VSM from the Ti 50 Zr 33 Ni 17 sample which exhibits the best quality of the quasicrystals. When the magnetic fields of 2000 and 3000 G were applied, the magnetization values were decreased as increasing temperature although the variation was minuscule. Under the FC and ZFC conditions, no significant difference was noted for the temperatures from 15 to 300 K. The rapidly quenched Ti--Zr--Ni quasicrystals exhibit paramagnetic properties with no hint of a measurable magnetic hysteresis. The Ti--Zr--Ni quasicrystals are sensitive to an external field at low temperatures so that the degree of the magnetization fluctuation must be considered when one measures accurate magnetization values. 
